Matrine is reported to be effective in tumor therapies; however, the anti-metastatic effect and molecular mechanism(s) of matrine on glioma remain poorly understood. Therefore, the purpose of this study was to assess the effects of matrine on glioma and the associated mechanism(s). In the study, we demonstrated that matrine inhibited the proliferation of glioma cells. We also observed that matrine inhibited the migration and invasion of glioma cells at non-toxic concentrations. Matrine also decreased the expression of E-cadherin and increased the expression of N-cadherin. These results suggest that the anti-metastatic effect of matrine may be correlated with epithelial-to-mesenchymal transition (EMT). Moreover, matrine could reduce the phosphorylation levels of p38 and AKT proteins. In conclusion, these results suggest matrine may be a potential alternative against invasive glioma cells via the p38 MAPK and AKT signaling-dependent inhibition of EMT.
Introduction
Malignant glioma is characterized by its highly invasive growth (1) . Due to the rapid and invasive tumor growth, current treatments for malignant gliomas, including surgery, chemotherapy and radiation, have not been successful (2, 3) . According to statistics, the majority of malignant gliomas are resistant to chemotherapeutic agents, and patients have a mean survival time of 12 months following diagnosis (4) . Therefore, it is necessary to develop novel agents for combating malignant gliomas.
Metastasis involves multiple processes and various cytophysiological changes; among them, epithelial-to-mesenchymal transition (EMT) is a key step. EMT involves the loss of epithelial markers, including E-cadherin. Concomitantly, the expression of a number of mesenchymal markers is increased, including N-cadherin, vimentin and matrix metalloproteinase. Through EMT, cancer cells obtain enhanced motility, which enables metastasis.
Matrine, the molecular formula of which is C 15 H 24 N 2 O, is derived from Sophora species of plants and has a long history of use in traditional Chinese medicine to treat inflammation (5) . Matrine has been shown to produce a wide range of pharmacological effects and has also been used in the treatment of cancer (5) (6) (7) (8) . However, there are no studies on the anti-metastatic effect of matrine on glioma. In the present study, we investigate the effects and mechanisms of matrine against glioma invasion.
Materials and methods
Reagents. Phosphate-buffered saline (PBS), dimethyl sulfoxide (DMSO), polycarbonate membrane filters, polylysine-coated slides, paraformaldehyde, 3,3'-diaminobenzidine, hematoxylin, lysis buffer and PVDF membranes were purchased from Shanghai Abcam Biological Products Co., Ltd (Shanghai, China). Fetal bovine serum (FBS), penicillin and streptomycin were purchased from Shanghai Worship Biological Technology Co., Ltd (Shanghai, China). Matrine was purchased from Shanghai Chuan Xiang Biological Technology Co., Ltd (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). Anti-p38 (AB01165), anti-AKT (AB01313) and anti-β-actin (4967L) antibodies were purchased from Cell Signaling Technology, Inc. Anti-p-p38 (sc-166182) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Anti-E-cadherin (ab11512) and anti-N-cadherin (ab11339) antibodies were purchased from Shanghai Abcam Biological Products Co., Ltd (Shanghai, China). Anti-p-AKT (AP0056) was purchased from Shanghai Seebio Biotech, Inc. (Shanghai, China).
Cell culture. The human glioma cell lines U251MG and U87MG (obtained from a cell bank at the Fourth Military Medical University, Xi'an, China) were cultured in DMEM supplemented with 10% FBS. All cells were incubated at 37˚C with 5% CO 2 . In vitro invasion and migration assays. The in vitro invasion and migration activity was measured according to the methods described previously (10) . U87MG cells were pretreated with 0, 0.2, 0.4 and 0.8 mg/ml matrine for 24 h, then surviving cells were harvested and seeded to Transwell chambers (Corning, Inc., Corning, NY, USA) at 2x10 5 cells/well in serum-free medium and then incubated for 24 h at 37˚C. At the endpoint, the cells on the upper side of the inserts were completely removed by swabbing, while the cells on the bottom side of the filter were fixed, stained and measured. For the invasion assay, 50 µl Matrigel (25 µg/ml; BD Biosciences, Bedford, MA, USA) was applied to 8-mm pore size polycarbonate membrane filters.
Immunocytochemistry (ICC)
. ICC was performed as described previously (11); cells were seeded on polylysine-coated glass slides, cultured for 2 days, fixed in 4% paraformaldehyde, then incubated with primary antibody. Subsequently, sections were incubated with biotinylated secondary antibody and visualized with 3, 3'-diaminobenzidine; the nuclei were counter-stained with hematoxylin. Negative controls were prepared using the same procedure, but PBS was substituted for primary antibody.
Western blot analysis. Cells were suspended in lysis buffer (40 mmol/l Tris-HCl, 1 mmol/l EDTA, 150 mmol/l KCl, 100 mmol/l NaVO 3 , 1% Triton X-100, 1 mmol/l PMSF, pH 7.5), following treatment with various concentrations of matrine. The proteins were separated by 10% or 8% SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes. The membranes were subsequently blocked in defatted milk at room temperature for 1 h and then incubated with antibodies against E-cadherin, N-cadherin, p38, p-p38, AKT, p-AKT or β-actin at 4˚C overnight. The membranes were then incubated with a horseradish peroxidase goat anti-mouse or anti-rabbit IgG antibody for 1 h at room temperature. The bands were detected with an enhanced chemiluminescence kit (Amersham, ECL Plus, Freiburg, Germany) and exposed by autoradiography. The densitometric analysis was performed using Image J software (GE Healthcare, Buckinghamshire, UK), and the results were expressed as arbitrary units.
Statistical analysis. All experiments were repeated three times. The statistical significance of differences throughout this study was analyzed by the one-way ANOVA test to compare differences between treatments, and followed up using Dunnett's multiple comparison post hoc test. All statistical tests and corresponding P-values were two-sided. P<0.05 was considered to indicate a statistically significant difference. Correlation analysis was performed using the Z-test.
Results
Matrine inhibits the proliferation of U87MG glioblastoma cells. The effects of matrine at various concentrations (0 to 2 mg/ml) on the proliferation of U87MG cells are shown in Fig. 1 . At 1 mg/ml, matrine clearly inhibited the proliferation of U87MG cells, while at concentrations below 1 mg/ml, the inhibition effect was not significant. Hence we selected a concentration range of matrine lower than this for all subsequent experiments.
Matrine inhibits the migration and invasion of U87MG cells. Fig. 2 demonstrates the effect of matrine on the migration and invasion of U87MG cells that were treated with 0, 0.2, 0.4 and 0.8 mg/ml matrine for 24 h in the cell migration and cell invasion assays. The results revealed that matrine reduced the invasion and migration of U87MG cells substantially in a concentration-dependent manner. Matrine also inhibited the invasion of U251MG (Fig. 3) .
Matrine suppresses the expression of N-cadherin and increases the expression of E-cadherin. Cells were treated with 0, 0.2, 0.4 and 0.8 mg/ml matrine for 24 h and then subjected to western blot analysis to test the expression of E-cadherin and N-cadherin in U87MG cells. Fig. 4A and B reveal that matrine significantly reduced the protein levels of N-cadherin and increased the expression of E-cadherin in a concentration-dependent manner compared with the control group. Fig. 4C demonstrates the effect of matrine on the expression of E-cadherin and N-cadherin. From the image, it can be observed that matrine increased the expression of E-cadherin and reduced the expression of N-cadherin. Matrine also increased the expression of E-cadherin and reduced the expression of N-cadherin in U251MG cells (Fig. 5) .
p38 MAPK and AKT are involved in the anti-metastatic mechanism of matrine. In human glioma cells, activation of p38 is required for the invasion process (12) . Moreover, the mechanism is correlated with EMT; thus, we investigated the effect of matrine on p38 MAPK and AKT in U87MG cells. Western blot analysis revealed that matrine reduced the phosphorylation of p38 in a concentration-dependent manner ( Fig. 6A and B) . At the same time, matrine inhibited the phosphorylation of AKT in a concentration-dependent manner ( Fig. 6C and D) .
Discussion
Glioma, in particular glioblastoma multiforme, with high morbidity and mortality rates, is a serious public health issue around the world (13) . Matrine has been confirmed as a natural antitumor product in several types of cancer (14-17); however, the anti-metastatic effect of matrine and its associated mechanism(s) in glioma cells remain unclear. In this study we observed that matrine inhibited the mobility and invasive ability of glioma cells in vitro by regulating EMT via inhibition of the p38 MAPK and AKT pathways. To the best of our knowledge, this is the first scientific study of the anti-metastatic effect of matrine on glioma.
Transwell chambers (uncoated or coated with Matrigel) were employed to explore the effect of matrine on glioma cell migration and invasion. We demonstrated that matrine inhibited the migration and invasion of glioma cells at non-toxic doses (no more than 1 mg/ml). These results revealed that the inhibition of invasion by matrine in U87MG cells was not due to cytotoxicity.
Tumor metastasis and recurrence is one of the most difficult challenges in the treatment of glioma patients. To complete the progression of metastasis, carcinoma cells must complete multiple distinct steps; this process has been termed the invasion-metastasis cascade, in which EMT plays a significant role (18) . EMT induces epithelial cells to obtain mesenchymal markers and lose epithelial marker expression (19) . As an epithelial molecular marker, E-cadherin is responsible for the establishment of the adherens junction, which forms a continuous adhesive belt below the apical surface (20) . By mediating interactions with extracellular domains of E-cadherin molecules in adjacent cells, it forms intercellular junctions. Loss of E-cadherin by EMT results in the detachment of intercellular junctions and decreases adhesive force, simplifying the metastasis of carcinoma cells (20) . The expression of mesenchymal markers, including N-cadherin, increases. N-cadherin is involved in the maintenance of microvessel stability and plays a role in blood vessel formation (21) . In the present study, we observed that matrine increased the expression of E-cadherin and decreased the expression of N-cadherin. The results suggest that the anti-metastatic effect of matrine on glioma is correlated with EMT.
The actual implementation of EMT is dependent on the concomitant activity of a variety of signal transduction pathways, including the MAPK and AKT signaling pathways (22) . p38 MAPK plays a significant role in the induction of EMT by TGF-β1 (23) . p38 maintains E-cadherin expression by modulating TAK1-NF-κB during EMT in human primary mesothelial cells (24) . In addition to MAPK signaling, AKT signaling plays a key role in inducing and maintaining EMT. Squamous cell carcinoma lines, expressing a constitutively active form of PKB/AKT, the most notable downstream effector of AKT signaling, underwent EMT, characterized by downregulation of the epithelial markers desmoplakin, E-cadherin and β-catenin, and upregulation of the mesenchymal marker vimentin (25, 26) . Moreover, AKT signaling may also be activated by integrins and members of the Rho family of small GTPases that control cytoskeleton remodeling, a necessity during the morphogenic process of EMT (27, 28) . In our study, we demonstrated that matrine effectively inhibited p38 MAPK and AKT signaling.
In conclusion, this study demonstrated the inhibitory effect of matrine on the invasion and metastatic capabilities of glioma cells. Furthermore, the decrease in the expression of N-cadherin and the increase in the expression of E-cadherin induced by matrine is attributed to an inhibition of p38 MAPK and AKT signaling. This mechanism may contribute to the inhibition of invasion and metastasis in glioma cells by matrine. These findings reveal a new potential therapeutic application of matrine in anti-metastatic therapy for glioma.
